Cerebral cavernous malformations (CCMs) are vascular lesions affecting the central nervous system. CCM occurs either sporadically or in an inherited, autosomal dominant manner. Constitutional (germline) mutations in any of three genes, KRIT1, CCM2 and PDCD10, can cause the inherited form. Analysis of CCM lesions from inherited cases revealed biallelic somatic mutations, indicating that CCM follows a Knudsonian two-hit mutation mechanism. It is still unknown, however, if the sporadic cases of CCM also follow this genetic mechanism. We extracted DNA from 11 surgically excised lesions from sporadic CCM patients, and sequenced the three CCM genes in each specimen using a next-generation sequencing approach. Four sporadic CCM lesion samples (36%) were found to contain novel somatic mutations. Three of the lesions contained a single somatic mutation, and one lesion contained two biallelic somatic mutations. Herein, we also describe evidence of somatic mosaicism in a patient presenting with over 130 CCM lesions localized to one hemisphere of the brain. Finally, in a lesion regrowth sample, we found that the regrown CCM lesion contained the same somatic mutation as the original lesion. Together, these data bolster the idea that all forms of CCM have a genetic underpinning of the two-hit mutation mechanism in the known CCM genes. Recent studies have found aberrant Rho kinase activation in inherited CCM pathogenesis, and we present evidence that this pathway is activated in sporadic CCM patients. These results suggest that all CCM patients, including those with the more common sporadic form, are potentially amenable to the same therapy.
INTRODUCTION
Cerebral cavernous malformations (CCMs, OMIM #116860, 603284, 603285) are vascular lesions affecting the central nervous system. CCM lesions consist of grossly dilated, capillarylike structures lined by endothelium and lacking mature vascular wall structure. Lesions can be found in 0.5% of the general population (1) (2) (3) (4) and affected individuals have a lifetime risk of focal neurological deficits and hemorrhagic stroke. Sporadic lesions are typically solitary, whereas familial CCM is characterized by multifocal cerebral lesions in the setting of autosomal dominant mutations in one of three genes, KRIT1 (CCM1), CCM2 and PDCD10 (CCM3) (5) (6) (7) (8) (9) .
A Knudson two-hit mutation mechanism has been suggested in the familial forms of CCM, where both copies of a particular gene must be mutated in order for disease to occur (10) . Lesions † Present address: Center for Science, Math and Technology Education, North Carolina Central University, Durham, NC 27707, USA. * To whom correspondence should be addressed at: Duke University Medical Center, PO Box 3175, Durham, NC 27710, USA. Tel: +1 9196841945; Fax: +1 9196842790; Email: douglas.marchuk@duke.edu in familial cases would result from an inherited, constitutional (germline) mutation and biallelic somatic mutations. This mechanism would also suggest that lesions in sporadic cases may result from two independent, biallelic, somatic mutations in CCM genes occurring in the same cell.
Our laboratory and others have identified biallelic somatic mutations in lesions from familial cases (11 -13) , with one mutation being the inherited constitutional mutation, and the other occurring somatically in the wild-type (WT) copy of the corresponding gene in the vascular lesional cells. These data demonstrated that the familial forms can be caused by a Knudsonian, two-hit mutation mechanism. However, although these studies focused on the inherited form of CCM, the majority of CCM patients are sporadic cases (14) . Based on the two-hit genetic mechanism, we hypothesize that sporadic CCM lesions are caused by two independent, biallelic, somatic mutations in one of the known CCM genes. We investigated this hypothesis through next-generation sequencing (NGS) of the three CCM genes using genomic DNA isolated from the lesions of sporadic CCM patients.
Previous studies on somatic mutations in CCM lesions focused on single nucleotide changes or relatively small indels (11 -13) . Mutant alleles in these samples were present at frequencies between 5 and 20%. If a single mutant cell became a CCM lesion by clonal expansion (such as that seen in cancerous tumors), then the frequency of mutant alleles within the samples would be expected to approach 50%. The lower than expected values observed for somatic mutations in CCM lesions are in part because of the cellular heterogeneity of the cerebrovascular lesion. However, the somatic mutation frequency remains well below 50% even in laser capture-microdissected lesion endothelial cells (11 -13) , suggesting that the CCM lesions do not develop from a purely clonal expansion of a mutant cell. The low frequencies of mutations within the lesions also demonstrate the need for using sensitive techniques to identify the somatic mutation.
In examining sporadic CCM lesions for two somatic mutations, both of which are likely to be found at low frequencies, a NGS strategy was used. Multiple sporadic CCM lesions were found to contain somatic mutations, including one lesion with two biallelic, somatic mutations. These findings from sporadic lesion samples, along with a somatic mosaic patient and a case of CCM lesion regrowth, support a somatic mutation mechanism involving the known CCM genes, suggesting a common pathway for CCM lesion pathogenesis.
RESULTS
For our NGS strategy, the coding exons (with .10 bp of flanking intronic sequence) of all three CCM genes were amplified by polymerase chain reaction (PCR). All coding exons were successfully amplified from each sample, ruling out constitutional or high-frequency trans deletions in the samples examined. PCR products were pooled and sequencing on a Roche 454 GS-FLX Titanium platform. Fourteen lesion samples were analyzed in this manner. A total of 379 394 reads aligned with the human reference sequence, with an average of 596 reads per amplicon, though this value ranged from 0 to 8292 reads and a standard deviation of 776 reads. Since the vast majority of constitutional CCM mutations that have been identified severely alter protein function (premature stop codons, splice-site mutations, insertions/deletions leading to frameshifts, etc.), the sequences from these sporadic CCM lesions were analyzed for these same classes of somatic mutations. Thus, we may have missed bona fide somatic missense mutations, but our approach was designed to generate few false-positive mutant calls. The results are summarized in Table 1 .
CCM lesions with constitutional mutations
Of the 14 CCM samples analyzed, 13 were from patients exhibiting a single CCM lesion, a common feature of sporadic CCM. The remaining CCM lesion was a sample from an inherited case previously analyzed by our laboratory (13) and served as a positive control for our sequencing strategy. Sample 2049 was resected from a family member harboring the common Hispanic constitutional mutation (13) in KRIT1 (c.1363C.T, p.Q455X). In the original study, we utilized Sanger sequencing of individual cloned exonic amplicons from the lesion DNA to identify the trans somatic mutation in KRIT1 (c.1271_1274del TATAfs * 12) in 4.6% of the clones. Using NGS for the same sample, the constitutional mutation was identified in 39 of 94 reads (42% frequency) and the somatic mutation was identified in 4 of 94 reads (4.3% frequency). Since both mutations occur in the same exon, it was evident that the mutations are indeed in trans as no read contained both mutations. This positive control sample served as a proof of principle that NGS was sensitive enough to detect one of our previously reported somatic mutations, even though it can only be found at low frequency in the bulk lesion sample.
In nine of the CCM lesion samples, 10 heterozygous single nucleotide polymorphisms (SNPs) were identified (Supplementary Material, Table S1 ), each with an associated reference number. For SNPs with coverage of at least 50 reads, the minor alleles ranged in frequency from 45.0 to 58.4%. From these data, we can surmise that heterozygous variants would be found at similar frequencies and somatic variants would be found at lower frequencies.
Surprisingly, analysis of the sequencing data revealed that 2 of the 13 CCM lesion samples (15%) from patients harboring a single lesion instead contained high-frequency mutations in one of the CCM genes. In lesion 4362, a mutation was identified in KRIT1 (c.213_214CG.AT, p.Y71X) in 46% of the reads (321 of 703) and confirmed by Sanger sequencing (Fig. 1A) . Analysis of a matched blood DNA sample from this patient revealed the presence of the c.213_214CG.AT mutation, confirming that this high-frequency variant is a constitutional, heterozygous mutation. In the lesion sample 4362, a somatic mutation was also identified in KRIT1 (c.1890G.A, p.W630X) at a frequency of 2.5% (53 of 2097 reads).
A single-base extension assay (SNaPshot, Applied Biosystems) was used to validate these mutations. First, primers are designed to anneal adjacent to the base of interest, and then an extension reaction adds a single nucleotide to the primer. The resulting fragments are separated by size, and different alleles of the same amplicon appear as adjacent peaks. A diagram depicting SNaPshot results is shown in Supplementary Material, Figure S1 , and it should be noted that only the data from the relevant bases are shown in the remaining figures. One of the major
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Human Molecular Genetics, 2014, Vol. 23, No. 16 benefits of this assay is that it can be used to quantify the frequency of alleles at a particular DNA base. As shown in Figure 1B and Supplementary Material, Figure S2 , the c.1890G.A mutation in KRIT1 was confirmed by SNaPshot in sample 4362. The mutant allele appeared only in DNA from the lesion sample (two replicates, 3.0 and 2.8% frequencies of the mutant allele). Only the WT allele was present in DNA from this patient's blood (sample 4361) and in a non-CCM control DNA sample.
A high-frequency mutation was also found in lesion 4384, a splice-site mutation in CCM2 (c.472+1G.T, splice donor site) occurring in 52% of the reads (43/82). This heterozygous mutation was verified by Sanger sequencing (data not shown). No obvious somatic mutation was identified in this sample.
Although these samples were obtained from CCM patients with no apparent family history and who exhibited a single lesion on magnetic resonance imaging (MRI), both hallmarks of sporadic CCM disease, these patients did harbor high-frequency CCM gene mutations, indicating that they were either cryptic familial cases with constitutional mutations or possibly cases of somatic mosaicism. For patient sample 4362, we were able to confirm the presence of the constitutional mutation in a matched blood sample (Fig. 1A) , so this patient is likely to be a cryptic familial case of CCM. Since most of the samples were obtained through an anonymous tissue bank, we were unable to follow up to determine whether MRI analysis of the entire family might identify hidden cases of CCM or whether the individuals instead represent de novo constitutional mutations. Regardless, our sequence analysis identified another case of biallelic somatic and constitutional mutations in an inherited case of CCM.
Sporadic CCM lesion containing two biallelic, somatic mutations
Of the 11 remaining sporadic CCM lesion samples analyzed by NGS, 5 somatic mutations were identified in 4 samples. Two somatic mutations in KRIT1 were identified in sample 4392. The first somatic mutation was a premature stop codon in coding exon 8 (c.993T.G, p.Y331X) occurring in 44/610 reads (7.2% frequency). The second somatic mutation was a different premature stop codon in coding exon 9 (c.1159C.T, p.Q387X) occurring in 35 of 578 reads (6.1% frequency).
By SNaPshot, the exon 8 and exon 9 mutant alleles appeared in the original lesion DNA sample (4392) at frequencies of 5.3 and 2.2%, respectively ( Fig. 2; Supplementary Material, Fig. S3 ). A second, separate PCR amplification also replicated these results with the exon 8 mutation measured at 8.5% frequency and the exon 9 mutation measured at 1.5% frequency. Mutant alleles were not apparent in a matched blood DNA sample (4391) or a control DNA sample (non-CCM case).
To test whether these two somatic mutations were in trans, a 1 kb region surrounding the two mutations was amplified using the high-fidelity (15) PfuTurbo polymerase (Agilent) and sequenced using the Pacific Biosystems RS platform. The PacBio RS NGS system was selected because it can produce longer reads than other platforms. The exon 8 (c.993T.G) and exon 9 (c.1159C.T) mutations were detected by the PacBio RSII system at frequencies of 4.6 and 5.0%, respectively. Of the 7611 reads with the mutant G allele at c.993 that were long enough to span both mutations, 96.2% had the WT C allele at c.1159 (compared with the background base frequencies of 2.2% A, 1.1% T and 0.4% G at that position). Of the 8357 reads with the mutant T allele at c.1159, 98.3% had the WT T allele at c.993 (compared with 1.0% G, 0.5% A and 0.2% C at that position). No sequence read contained both somatic mutations at a frequency that was any different than the background error rate of this sequencing platform, determined by the substitution of other (random) nucleotides at the relevant position. Thus, the two somatic mutations found in sporadic lesion sample 4392 occur on different alleles of KRIT1 and are therefore in trans.
Sporadic CCM lesions with single somatic mutations
Three sporadic lesion samples (4386, 4310 and 4358) contained one identifiable somatic mutation each. Sample 4386 bore an insertion -deletion mutation in KRIT1 (c.1659_1688delins) in 3/702 reads (0.4%), causing a frameshift and a premature stop codon after four altered amino acid residues (Fig. 3A) . Although originally identified at a very low frequency, this mutation was validated by a SNaPshot assay ( Fig. 3B ; Supplementary Material, Fig. S4 ), showing that the mutant allele only appears in sample 4386 (3.3% frequency in the original amplification and 3.8% in the replicate) and not in control samples including a matched blood DNA sample from this patient. For further confirmation of this insertion/deletion mutation, PCR primers were designed to specifically amplify the mutant sequence. Based on this PCR strategy, bands on an electrophoresis gel were only apparent for sample 4386 and not for control samples (Fig. 3C ). Sanger sequencing was used to confirm that these bands contained the mutated sequence (data not shown). Sample 4310 contained one somatic mutation in CCM2 (c.355_369del) in 6/528 reads (1.1%). Similar to sample 4386, a mutation-specific PCR (Fig. 4B ) and Sanger sequencing (data not shown) confirmed that this somatic mutation was present in sample 4310 and not in control samples.
Sample 4358 contained a single mutation in CCM2 (c.611_ 622del) in 2/39 reads (5.1%). This mutation was confirmed to be only in sample 4358 by SNaPshot ( Fig. 5B ; Supplementary Material, Fig. S5 ), mutation-specific PCR (Fig. 5C ) and Sanger sequencing (data not shown).
Unlike the somatic mutation in 4386, the somatic deletion mutations present in samples 4310 and 4358 are in frame and do not cause frameshifts or premature stop codons. The CCM2 
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Human Molecular Genetics, 2014, Vol. 23, No. 16 mutation in sample 4310 (c.355_369del) deletes five amino acid residues (119-NVKLA-123) that are moderately to highly conserved in mammals and other vertebrates (Fig. 4A) . The CCM2 mutation in sample 4358 (c.611_622del) deletes four moderately conserved amino acid residues (204-VAAE-207, Fig. 5A ). The c.611_622del mutation also occurs near the intron-exon border of the sixth coding exon of CCM2, so it is possible that this mutation could alter splicing of the mRNA transcript. Both of these small deletions were found in the phosphotyrosine-binding domain of CCM2, which mediates interactions with other proteins (16) including KRIT1 (17) .
Heterogeneous frequency of somatic mutations within CCM lesions
To prepare DNA from the sporadic CCM lesions, the frozen block tissue was bisected and a portion of the sample near the middle was used for DNA extraction. For samples with confirmed somatic mutations by NGS and the SNaPshot assay, additional preparations of DNA were generated and examined (Supplementary Material, Figs S2-S5). The frequency of the somatic mutations within these additional DNA preparations varied considerably. For example, in sample 4386 the somatic Fig. S4 ). In sample 4362, the somatic mutation appeared at frequencies of between 3.2 and 5.3% in three separate DNA preparations and could not be seen (0%) in a fourth preparation. Since tissue was first sampled from the middle of the CCM lesion and subsequent samples were removed farther away from the middle, it is likely that this final preparation from 4362 consisted almost entirely of WT draining or feeding vessels resected with the CCM lesion proper. The variation in mutation frequency within a single lesion represents the heterogeneity of the complex, multicavernous vascular structure of the CCM lesion.
CCM patient with a somatic mosaic mutation in KRIT1
Subsequent to the identification of biallelic somatic mutations in sporadic CCM lesions, we sought to determine whether the two-hit mutation mechanism extended to other non-inherited forms of the disease. A female patient was identified with an unusual presentation of CCM lesions (18) . Despite having no family history of the disease (which would normally classify this as a sporadic case of CCM), this patient has over 130 CCM lesions. The patient originally presented with a large intracerebral hemorrhage that had severe mass effect and occurred during the third trimester of a pregnancy. Interestingly, the 4362
lesions reside exclusively within the left cerebral hemisphere of the patient's brain and have progressively increased in number since the original presentation (Fig. 6A) . Based on these observations, we hypothesize that the first-hit mutation in this case is a somatic mutation which was acquired early in development such that it caused somatic mosaicism (Fig. 6B ).
We obtained a lesion sample from this patient (4285) as well as a blood sample for control DNA. Sanger sequencing of the CCM genes in the blood revealed only a non-synonymous amino acid substitution in coding exon 11 of KRIT1 (c.1436A.C, p.K479T). We examined this mutation for possible effects on mRNA splicing using RT -PCR, but this sequence variation did not appear to affect splicing (data not shown). However, while the c.1436A.C variant appeared heterozygous in blood DNA, lesion DNA only contained the WT A allele (Fig. 6C) . Somatic mutations in CCM lesion tissue have been reported at frequencies ,21% (11-13), and we have never seen a clear case of complete loss of heterozygosity (LOH) in CCM lesion tissue. We hypothesized that the complete loss of the C allele in lesion DNA represented an LOH event, but since we observed complete LOH only in the CCM lesion that this event represented a somatic mosaic mutation as the first-hit mutation.
To test our somatic mosaicism hypothesis, we sequenced regions of the CCM genes by Sanger sequencing from the blood and lesion samples. A comparison of the coding sequence of KRIT1 revealed regions where heterozygous SNPs in the blood DNA appeared as single alleles in the lesion DNA (Fig. 6C) . Heterozygous SNPs in other regions of KRIT1 in the blood DNA, such as intron 14, displayed heterozygosity in the lesion as well. Table 2 summarizes these results identifying a 12-18 kb somatic mosaic deletion that would effectively remove four coding exons from KRIT1. The extensive molecular genetic analyses required to identify this deletion depleted the archived tissue from this CCM lesion, precluding further attempts to fine-map this deletion.
To determine the anatomic extent of this first-hit somatic mosaic mutation, we sought to investigate the genotype of other tissues from this patient. With the CCM lesions occurring almost exclusively on one side of the brain, we hypothesized that the somatic event may have occurred only in one cerebral hemisphere after establishment of a primitive vascular plexus in the developing brain. We obtained tissue samples through non-invasive methods, such as buccal swabs from the left and right sides of the mouth, and hair samples from each side of Figure 6D , all of the tissues sampled displayed heterozygosity at this locus. These data demonstrate that the somatic mosaic mutation is not present in the ectoderm-derived tissues that were available for sampling and thus, we could not conclude when it occurred in relation to development of the cerebrovascular circulation.
We further sought to identify a second-hit somatic mutation from this somatic mosaic CCM lesion using our previously published cloning and Sanger sequencing strategy (13) . Sequencing at least 42 clones per coding exon of KRIT1 revealed no identifiable single nucleotide or short-indel somatic mutations.
An aggressive regrowth of a CCM lesion contains the original somatic mutation
Lesion sample 4035 was obtained from an inherited case of CCM. Biallelic constitutional and somatic mutations were identified in PDCD10 (c.474+1G.A and c.205_211insAfs * 18), as previously published (13) . Recently, this patient required a second surgery to remove what appeared to be a regrowth of this aggressive CCM lesion, and we obtained a sample of the regrowth lesion tissue.
To determine whether this regrowth lesion contained the same somatic mutation as the original lesion sample 4035, we used a fragment analysis assay to detect the presence of the insertion somatic mutation. To account for tissue sample heterogeneity within the lesion, DNA was prepared from three distinct sections of the sample. Following PCR amplification, fragment analysis revealed that the somatic mutation (PDCD10 (Fig. 7) . Interestingly, the somatic mutation was present at markedly reduced frequency in the re-growth compared with the original lesion sample 4035. In the original sample, the somatic mutation was detected in 7% of the alleles sampled, but in the regrowth sample it was detected in only 1% of the total alleles. These results suggest that while the somatic mutation may have initiated regrowth of this lesion, other genetic and non-genetic factors may have driven the aggressive growth phenotype. It is possible that another somatic mutation occurred within the endothelium of the lesion and/or hemodynamic factors, inflammation or particular signaling pathways may have contributed to the lesion regrowth.
Increased Rho kinase activity in sporadic lesion endothelial cells siRNA silencing of any one of the CCM genes causes an increase in the expression and activity of the small GTPase RhoA (16, 19, 20) . The RhoA pathway, including its downstream effector Rho kinase (ROCK), is activated in the lesions seen in mouse models of CCM (21, 22) which mimic the genetics of the inherited form of the disease. There is also evidence of increased ROCK activity in human lesions from familial cases of CCM (23) . However, it remains uncertain if sporadic human CCM lesions also demonstrate similar involvement of the RhoA pathway. A previous study examined ROCK activity in one inherited and two sporadic CCM lesions (23), and we set out to confirm these results and further profile a larger panel of sporadic and familial CCM patients. We hypothesized that since the sporadic lesions show evidence of somatic mutations or epigenetic silencing in the same CCM genes as in the inherited cases, the RhoA pathway will be activated in the endothelial cells lining the caverns of these lesions from sporadic cases.
We analyzed CCM lesions from sporadic patients and patients with constitutional mutations in the three CCM genes. Sections of lesions were examined with antibodies against phosphorylation targets of ROCK, phosphorylated myosin light chain (pMLC) and phosphorylated myosin-binding subunit (pMBS) (24, 25) . Lesions from inherited cases of CCM have increased ROCK activity in the lesion endothelial cells (Fig. 8A and B) compared with isotype control (Fig. 8C) . Sporadic lesion endothelial cells also had increased ROCK activity ( Fig. 8D and E) compared with isotype control (Fig. 8F) . In comparing the prevalence of ROCK-positive caverns within these samples (Fig. 8G) , lesions from sporadic patients bore the same amount of ROCK activity (37% of caverns with pMLC staining by immunohistochemistry) as lesions from patients with constitutional mutations in the three CCM genes (53% ROCK-positive caverns, P ¼ 0.23). The RhoA pathway, therefore, is activated in sporadic lesions in a similar manner to lesions from inherited cases of CCM.
DISCUSSION
Four CCM lesion samples of the 11 examined (36%) were found to contain a total of 5 somatic mutations. All of the mutations identified are novel and do not appear in the publicly available databases (such as Ensembl and 1000 Genomes). One sample, 4392, had two biallelic somatic mutations in the same gene, as was predicted by the Knudson two-hit mutation hypothesis. Three other samples, 4310, 4358 and 4386, each contained a single somatic mutation. While analyzing additional sporadic CCM lesions for somatic mutations is warranted, it is clear from these four lesion samples that at least some cases of Figure 7 . Aggressive regrowth of CCM lesion 4035 showed the presence of the original mutation, though at a reduced frequency. Fragment analysis of the original lesion sample 4035 quantified the presence of the somatic mutation (118 bp fragment compared with the WT 117 bp fragment, indicated by asterisks) at 7% of the total alleles. Three independent sections, (A-C), of the regrown lesion show the presence of the somatic mutation allele at 1% frequency.
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sporadic CCM disease involve (somatic) mutation in the same genes as are mutated in the inherited cases. Our methods did not find two somatic mutations in each of the samples, but this does not indicate that these lesions contain only one or no somatic mutations. Our NGS approach can only identify single-base substitutions and small insertions/deletions, whereas other types of mutations will remain undetected. For example, constitutional and somatic LOH events such as large deletions of one or more exons would not be found using this method. The major limitation in detecting somatic mutations within CCM lesions is that mutant alleles are found at low frequencies. The highest frequency reported for a somatic mutation in a CCM is 21% (11 -13) . One group recently identified an LOH event in a glomuvenous malformation sample, a form of inherited vascular malformation, using SNP-chip-based genotyping (26) . The copy number data in this sample indicate the LOH mutation was present at 30% frequency within the lesion. Since the frequency of mutations within CCM lesions is much lower, it becomes more difficult to measure LOH in these samples. Our NGS approach, then, is limited to a particular class of mutations and does not exclude the possibility of other types of somatic mutations. However, this approach was sensitive enough to identify multiple low-frequency, somatic mutations from CCM lesions.
While the primary inclusion criterion for lesions in this study was that they were surgically removed from patients with only a single lesion, it is likely that 2 of the 14 CCM lesions analyzed (14.3%) were from inherited cases of the disease. It is also possible that these patients had de novo constitutional mutations or somatic mosaic mutations early in development, but that is not possible to determine without DNA samples from the patients' parents. Most inherited cases of CCM present with multiple CCM lesions, but some inherited cases show lower penetrance (27) , owing either to the stochastic nature of this disease or to mutation-or environment-specific factors affecting lesion growth. As such, it would not be unexpected to find inherited cases of CCM among these biobank samples.
In this study, NGS was a reliable method for identifying mutations in both sporadic and inherited cases of CCM. Indeed, NGS identified somatic mutations at frequencies below those previously observed with our cloning and sequencing strategy (13) . It should be noted, however, that the frequencies of the somatic mutations reported here varied between different lesions and even within the same lesion. Different somatic mutation frequencies were found in multiple DNA preparations from the same lesion, reflecting the heterogeneous and complex structure of the lesions. Different assays (NGS, SNaPshot) using the same DNA sample also found the somatic mutations at varying frequencies. While it is difficult to determine which of these assays most closely approximates the 'true' mutation frequency, NGS was able to qualitatively identify the presence or absence of these somatic mutations.
In addition to the sporadic CCM patients with single lesions and no apparent family history, we also examined the genetic mechanism underlying a patient with over 100 CCM lesions exclusively in one hemisphere of the brain (18) . Though no secondhit mutation was identified, it was apparent that the first genetic hit was a somatic mosaic LOH event, deleting 12-18 kb of KRIT1. The presence of a somatic mosaic mutation potentially explains why this patient presented with CCM lesions localized to one side of the brain: endothelial cells in the affected region of the brain would require only one further somatic mutation to cause CCM genesis, whereas the unaffected portion of the brain was still effectively WT, requiring two, independent somatic mutations for lesions to form.
Lesion sample 4035 was previously reported in a study of somatic mutations in familial cases of CCM (13) . After publication of these results, this patient underwent further surgeries to remove apparent regrowth of a CCM lesion in the same stereotactic location of the brain. Samples of this regrowth lesion retained the somatic mutation signature of the original resected lesion. We hypothesize that cells harboring the original somatic mutation evaded surgical resection and subsequently initiated the regrowth of the CCM lesion. This is the first report of a CCM lesion demonstrating regrowth potential similar to a tumor. Further investigation of this phenomenon may reveal that more aggressive treatments are necessary in some cases to prevent regrowth and hemorrhage of CCM lesions.
Multiple groups have previously found evidence of a two-hit mutation mechanism in inherited cases of CCM (11 -13,28) . From these experiments, we have provided evidence that at least some sporadic CCM lesions harbor somatic mutations in the same genes, with one case showing biallelic somatic mutations. Since our approach can only identify certain classes of mutations, we suggest that many sporadic CCMs may also be caused by a two-hit mutational mechanism. Furthermore, we have presented other cases of somatic mosaicism and lesion regrowth that, while less typical, nonetheless reinforce that the distinct presentations of CCM are all caused by a Knudsonian two-hit mechanism in the known CCM genes.
Examination of CCM lesions from humans (23) and CCM mouse models (21) (22) (23) has revealed activation of the RhoA pathway through its effector ROCK. Through these data, we have demonstrated that CCM lesions from both sporadic and familial cases of the disease contain endothelial cells with increased levels of ROCK activity. The ROCK activity in sporadic lesions closely resembled that in the lesions from familial patients. Importantly, increased ROCK activity was heterogeneous within the CCM lesions, with 40% of the caverns showing phosphorylation of MLC or MBS. The loss of CCM proteins due to biallelic mutations and aberrant ROCK activity, then, appear to be cell-autonomous events in CCM pathogenesis.
Novel therapeutic strategies are currently being tested in animal models of CCM based on the genetics of the inherited form of the disease (22) . Previously, it was unknown if sporadic CCM patients, who represent the majority of CCM cases (29) , would benefit from the pharmacological inhibition treatments currently under investigation. Since these data demonstrate that sporadic form of CCM also follows an underlying genetic mechanism and shows activation of the RhoA pathway similar to inherited cases of CCM, it is likely that these novel therapies will also be effective for the larger population with sporadic CCM.
MATERIALS AND METHODS

CCM samples
All CCM samples were obtained from the Angioma Alliance Tissue Bank in accordance with Institutional Review Board standards. Lesions were bisected and tissue samples were removed from the center of the lesion. DNA was isolated using the Puregene tissue protocol (Gentra).
Next-generation sequencing
PCR primers (IDT) were designed to amplify the coding exons (along with .10 bp of flanking intronic sequence) of all three CCM genes. During primer design, 5 ′ overhangs were created in accordance to 454 sequencing protocols (Roche), including the addition of a 4 bp identification sequence used for multiplexing samples (four samples per run). Regions of interest were amplified by PCR and a small aliquot was checked for quality control by gel electrophoresis. Where necessary, PCR products of interest were analyzed by gel electrophoresis and isolated using the GeneClean Turbo kit (MP Biomedicals).
PCR products were pooled and submitted to the Duke Genome Sequencing and Analysis Core for quality control and sequencing on a Roche 454 GS-FLX Titanium platform. The GS Data Analysis Software Package (Roche) was used to split the multiplexed sample into the four independent datasets. The SWAP454 toolkit (30) was then used to generate a coverage map and SNP calls from the amplified sections of the human CCM genes. Briefly, SWAP454 aligned the individual reads to the sequences of the amplified regions recording only the unique alignments. A coverage map was then constructed from the aligned reads after filtering based upon their neighborhoodquality score method (MIN_QUAL ¼ 20; NQ ¼ 15). Individual SNPs were then called that had a coverage of at least two reads, with at least one read mapping to both the forward and reverse strand, and a minimum variant/reference ratio of 0.02. A separate analysis of these data was also performed using Geneious software (Biomatters) (31) .
For analysis of phase of somatic mutations in the same sporadic CCM sample, PCR products were first amplified using the highfidelity polymerase PfuTurbo (Agilent), and then purified by gel extraction (Geneclean Turbo, Qbiogene). Samples were run on the Pacific Biosystems (PacBio) RSII platform. PacBio reads were first trimmed to remove adapter sequences and low-quality (≤0.75) bases from the ends of the reads. Reads that were at least 50 nt in length were aligned to the KRIT1 sequence using the blasr tool from the SMRT Analysis Toolkit (Pacific Biosciences; default parameters). The number of reference and variant calls for each of the two somatic SNP locations was then counted. Reads that had a base call at both locations were then used to identify the monoallelic or biallelic nature of the variants.
SNaPshot analysis
PCR products with potential mutations were analyzed by SNaPshot (Applied Biosystems). Primers were designed adjacent to the base of interest, and SNaPshot was performed according to Applied Biosystems protocols. Results were visualized and quantified using GeneMapper software (Applied Biosystems). Allele frequencies were calculated by dividing the area under the peak of a particular allele by the total area under both allele peaks.
Sanger sequencing
Samples were analyzed by Sanger sequencing using the BigDye reaction kit (Applied Biosystems) on the 3130 Genetic Analyzer (Applied Biosystems). Sequences were examined using Sequencher software (Gene Codes Corporation).
ROCK activity assay
The ROCK activity was assessed by the expression of pMLC and pMBS, which are ROCK substrates. Excised CCM lesions from five sporadic patients (obtained from the University of Chicago) and six familial patients (including two patients with constitutional mutations in KRIT1, two patients with constitutional mutations in CCM2, and two patients with constitutional mutations in PDCD10) were embedded in paraffin and cut into serial 5 mm sections. After antigen retrieval, sections were blocked using PBS supplemented with 0.5% fish skin gelatin (SigmaAldrich), 5% goat serum (Invitrogen) and an avidin/biotin blocking kit (Vector Laboratories). Slides were probed with either rabbit polyclonal anti-pMLC (Thr18/Ser19) antibody (Cell Signaling Technology, 1:250) or rabbit polyclonal anti-pMBS (MYPT1, Thr853) antibody (MyBioSource, 1:2000 for sporadic samples and 1:5000 for familial samples) overnight at 48C, followed by biotinylated goat anti-rabbit antibody (Vector Laboratories, 1:400) for 2 h, as previously described (21) (22) (23) . Isotype controls were used as negative controls and run simultaneously with all specimens. Quantification of pMLC expression was performed in each cavern of CCM lesions from a total of 11 patients. A negative cavern was defined as complete absence of pMLC staining, whereas a positive cavern was defined as definite but diffuse, intense and confluent staining. Student's t-test was used to compare the prevalence of positive pMLC caverns of CCM lesions between sporadic patient and familial patient samples.
Fragment analysis
The presence of the single-base insertion somatic mutation in sample 4035 was validated by fragment analysis assay. PCR products for exon 6 of PDCD10 were amplified using one fluorescently labeled primer, 5
′ -6-FAM-CTCACACAAGACATCA TTATG, and one unlabeled primer, 5 ′ -CCATACGAAGAAG GGACTCC or 5 ′ -AAACAAGGTTCTTCTGTCCGTTA. The high-fidelity DNA polymerase Phusion (Thermo Scientific) was used for these reactions. The resulting PCR products were resuspended in formamide (Applied Biosystems) and were characterized on an Applied Biosystems 3130 sequencer. Subsequent analysis of fragment seizes was performed using GeneMapper software (Applied Biosystems). Positive and negative controls were colony PCR products from clones with sequence showing either WT (negative control) or somatic mutation (positive control) sequences.
